The copepod species Calanus glacialis is an important component of arctic marine food webs, where it is the numerically dominant zooplankton grazer and serves as a major prey item for fish, seabirds, and other predators. These copepods are typically considered to be phytoplanktivorous, although they are also known to feed on microzooplankton, and little is known about their diet in fall and winter. To investigate their feeding, C. glacialis gut contents were analyzed over an annual cycle in a seasonally ice covered arctic fjord using next generation sequencing of 18S rDNA. During the spring bloom, diatoms, particularly Thalassiosira spp., were important contributors to the dietary sequence reads. In addition to diatoms, Chytridiomycetes, fungal parasites of diatoms, also made up a large proportion of dietary sequence reads during this productive season. This provides one of the first indications of the potential importance of the mycoloop in marine environments. Just prior to the spring bloom, chaetognath sequences dominated the prey sequence reads from C. glacialis, suggesting potential predation on eggs or other early life stages of chaetognaths by C. glacialis. Other indications of omnivorous feeding outside of the spring bloom period included sequence reads from polychaetes in summer, at the time of peak polychaete larval abundance, and from Metridia spp. (Copepoda) in winter in prey sequences from C. glacialis. Incorporating such predation into our knowledge of Calanus spp. behaviour may help refine our understanding of Calanus spp. ecology, and potential responses of C. glacialis to ongoing climate change.
Introduction
The Arctic region is one of the most rapidly changing parts of the world oceans. Areas which have traditionally had seasonal sea ice are experiencing both temporal and spatial reduction in sea-ice cover, or even no ice cover at all, as a result of ongoing anthropogenic climate change (Hoegh-Guldberg and Bruno, 2010) . This reduced ice cover is leading to changes in the timing, magnitude, and composition of both ice algal and phytoplankton blooms (Sommer and Lengfellner, 2008; Leu et al., 2011 Leu et al., , 2015 . Such changes at the base of the food web have implications for herbivorous and omnivorous zooplankton, such as Calanus glacialis, which rely on these seasonal pulses of ice algal and phytoplanktonic food resources (Søreide et al., 2010) .
C. glacialis is an important component of arctic marine ecosystems. This species is endemic to the arctic, with established populations across the Barents, east Greenland, White, Siberian, and northern Canadian shelves, and advected individuals covering the central arctic basin (Conover and Huntley, 1991; Falk-Petersen et al., 2009) . C. glacialis is the most abundant of the Calanus species in the high arctic waters of Svalbard where it typically comprises 50 to 80 percent of the mesozooplankton biomass (Søreide et al., 2008 (Søreide et al., , 2010 .
With its high biomasss in the Arctic, C. glacialis forms a key link between primary producers and higher trophic levels Adult females have been estimated to ingest 0.1-11 mg carbon individual À1 h À1 while feeding on phytoplankton (Tande and Båmstedt, 1985) . These grazing rates suggest that C. glacialis populations can effectively crop phytoplankton, removing 2.5% of the phytoplankton biomass daily in the Svalbard region (conservatively assuming a grazing rate of 5 mg carbon indiv À1 h À1 (Tande and Båmstedt, 1985) , 5000 individuals of C. glacialis m À2 (Scott et al., 2000; Arnkvaern et al., 2005) , Chl a: Carbon of 0.01 (Behrenfeld et al., 2005) , and spring Chl a of 1.5 mg m À3 (Freese et al., 2016) . Similarly, in the Bering Sea, C. glacialis grazing has been estimated to remove 2.7% of phytoplankton biomass daily (Campbell et al., 2016) .
Calanus spp. are themselves important prey for many arctic predators. Fish, such as polar cod, Boreogadus saida, consume these copepods, as do seabirds, including little auks, Alle alle, and guillemots (Lønne and Gulliksen, 1988; Wold et al., 2011) . Calanus spp. also play a role in supporting pelagic bacterial communities and the microbial food web. Calanus spp. feeding is sloppy, and as much as 49% of the phytoplankton carbon they remove from the water column is released as dissolved organic carbon through the breaking open and incomplete ingestion of phytoplankton cells (Møller et al., 2003) . C. glacialis thus helps to support both larger predators, such as fish and seabirds, as well as smaller organisms such as bacterioplankton.
Because of the key roles of C. glacialis in Arctic marine food webs, understanding what prey are taken by C. glacialis is critical to understanding flows of carbon and energy through Arctic marine ecosystems. Phytoplankton, ice algae, and microzooplankton have all been observed as important dietary components. Phytoplankton was the main prey item consumed in bottle incubations with C. glacialis (Levinsen et al., 2000; Campbell et al., 2009; Wold et al., 2011) . C. glacialis is suggested to prefer actively growing phytoplankton cells, as opposed to cells in a scenescent phase, and to prefer diatoms over other phytoplankton groups (Campbell et al., 2009 (Campbell et al., , 2016 Søreide et al., 2008) . Planktonic diatom species previously observed in C. glacialis gut contents include Chaetoceros spp., Coscinodiscus spp., Melosira spp., Pinnularia spp., Gyrosigma spp., and Thalassiosira spp. (Bradstreet and Cross, 1982; Ingram, 1988, 1991) . Fatty acid analyses have indicated that diatoms, both pelagic and ice associated, are the major food source for C. glacialis during the spring bloom (Søreide et al., 2008) . Ice algae have been observed to make up an important component of the diet of C. glacialis in the Canadian arctic, where gut contents microscopy revealed high abundances of the pennate diatoms Navicula spp. and Nitschia spp. (Bradstreet and Cross, 1982; Ingram, 1988, 1991) . Also, gut pigments have been observed to increase in C. glacialis with the onset of the ice algal bloom (Runge and Ingram, 1988) . Microzooplankton, including heterotrophic ciliates, dinoflagellates, and flagellates have been consumed by C. glacialis in bottle incubations, and were ingested preferentially to phytoplankton (Campbell et al., 2009 (Campbell et al., , 2016 . Calanus spp. are considered to be flexible in their feeding, with observations of feeding on nauplii and protozooplankton when phytoplankton are scarce . Much of this work on C. glacialis feeding has focused on the spring bloom period, when feeding rates are expected to be maximal, and diatoms and other phytoplankton are abundant, with some observations in late summer, when the bloom has waned and microzooplankton are relatively more abundant (Campbell et al., 2009) . Outside of the spring and summer, however, very little is known about feeding by Arctic Calanus spp., and the magnitude of any such feeding has often been assumed negligible because C. glacialis is typically in diapause during the winter months (Levinsen et al., 2000) The Arctic is a region of extreme seasonality in physical environmental parameters, most notably incoming solar radiation which is near zero for several months in winter. This seasonality in daylight leads to a strong seasonality in the availability of photosynthetic prey for C. glacialis and other zooplankters. Polar night has typically been considered a time of low zooplankton activity, but indications of continued diel vertical migration by zooplankton suggest that this dark season may not be as quiescent as previously thought (Berge et al., 2009 (Berge et al., , 2015 . C. glacialis are known to perform diapause in deeper water layers, and it has been discussed that these diapausing individuals cease feeding completely during this overwintering phase (Wold et al., 2011; Freese et al., 2016) . Stable isotope analyses do not indicate winter feeding by individuals with large lipid stores, as their trophic level in both summer and winter was consistent with a purely herbivorous diet (Søreide et al., 2008) . However it has also been suggested that some individuals may remain in surface waters and stay active year round (Søreide et al., 2008) . Feeding has been observed in late autumn (Scott et al., 2000) , and carnivorous feeding may play a role in overwintering in this species (Søreide et al., 2008) but it remains unknown what prey items C. glacialis may be consuming during the dark season with negligible phytoplankton or ice algal availability.
In this work, we investigated the full range of prey consumed by C. glacialis in situ in order to improve our understanding of what types of prey are consumed, particularly outside of the diatom-rich spring bloom period. We analyzed the diet of C. glacialis copepods in a seasonally ice covered arctic fjord using 18S rDNA sequencing of prey within them. Year round sampling and a relatively novel phylogenetically broad analysis approach provides new insight into the roles of nonphytoplankton prey for these important zooplankters. These insights may help to improve our understanding of overwintering in this key species, and of the overall role of C. glacialis in Arctic marine ecosystems.
Material and methods

Field sampling
Between 5 October 2012 and 23 July 2013, C. glacialis were collected from Billefjorden (78 40 0 N, 16 40 0 E), a seasonally ice covered sill-fjord in the Isfjorden system on the west coast of Svalbard, Norway (Table 1) . C. glacialis are abundant in Billefjorden, with 1000-18 000 individuals m À2 (Arnkvaern et al., 2005) . The sample collection platform varied depending on sea ice cover and vessel availability, with samples collected from ships (RV Helmer Hanssen, KV Svalbard, MS Farm), rigid-hullinflatable-boats (polar circle), or snowmobiles. Regardless of sampling platform, samples were collected with vertical tows of a closing ring net (either WP2-0.25 m 2 mouth area, 200 mm mesh or WP3 -1 m 2 mouth area, 1000 mm mesh) (Wiebe and Benfield, 2003) from the depth of highest Calanus spp. abundance (0-20, 150-100, or 180-120m) (Table 1 ). Immediately after collection zooplankton samples were preserved in bulk in 95% ethanol, and ethanol was changed once after 24 h to maintain concentration. Ethanol is the optimal method to preserve zooplankton for gut contents analysis, because samples can be immediately preserved in bulk, minimizing digestion, and unlike freezing ethanol preservation permanently deactivates enzymes, which could otherwise degrade the sample during the inevitable thawing involved in sample processing (Passmore et al., 2006) .
Laboratory processing
The numerically dominant developmental stage, CIV, CV, or adult female, in each month's sample was selected for analyses (Table 1) . Work in the Bering Sea has indicated that there are no observable differences in diet by stage for these larger stages (Campbell et al., 2009) . Between 18 and 44 C. glacialis of the dominant life stage were picked from each month's sample under dissecting microscope and thoroughly rinsed in deionized water.
DNA was extracted from each copepod using the DNeasy blood and tissue kit as per manufacturer's directions (Qiagen). Extracts from two individuals from single net tows were combined, making each sample a pair of copepods. Because DNA in gut contents is rapidly degraded, high inter-individual variability is inherent in this method. Pooling pairs of individuals prior to analysis is a compromise to get the most representative data from the available sequencing while still being able to observe some of the variation across individuals within each month's sample. TheV7 region of the 18S rDNA gene was amplified from all nonCalanus DNA within the copepod pairs using peptide nucleic acid polymerase chain reaction (PNA-PCR). In PNA-PCR, universal primers bound to all eukaryotic 18S genes, but a PNA probe selectively blocked amplification of Calanus spp. 18S (Durbin and Casas, 2014) . The V7 region is ideal for this analysis because it is flanked by highly conserved sites allowing for universal eukaryote primers, is highly variable allowing for discrimination between prey types, and is fairly short ($250 base pairs), minimizing the effects of digestion on sequence recovery. Each reaction contained 0.065 U ml À1 DreamTaq polymerase (ThermoFisher), 1Â DreamTaq buffer, 0.25 mM each dNTP, 0.5 mM each of 960F and 1200R primers (Gast et al., 2004) for 5 min. Amplicons were purified with SPRI beads (Beckman-Coulter) (Rohland and Reich, 2012) .
Variable length sample identification tags were ligated onto the amplicons with 16 U ml À1 T4 DNA Ligase (New England Biolabs) at 20 C for 90 min, and the amplicons were again SPRI purified. Amplicon quality was confirmed with qPCR. Illumina sequencing adaptors were added in a second PCR with 1Â Q5 DNA polymerase (New England Biolabs), 1Â Q5 buffer, 0.5 mM each forward and reverse primers, and 80 mM of each dNTP. Thermocycling consisted of 98 for 30 s, followed by 9 cycles of 98 for 10 s, 65 for 10s, 72 for 30 s, and a final extension at 72 for 2 min. Amplicons were purified for a third time with SPRI beads, and quantified by comparison to standards on an agarose gel with GelRed (Biotium) UV visualization with GelAnalyzer2010. Equimolar ratios of purified amplicons were pooled into two pools for illumina sequencing. Samples were split across two plates, and combined with V4 amplicons of a separate project in order to increase variability at each base position and thus improve base calling. Samples were sequenced with the 300 base pair V3 chemistry on an illumina MiSeq at ACGT Company (IL, USA).
Sequence data analyses
All sequence reads were trimmed to a hard cut-off length of 220 base pairs to eliminate reverse primers and trailing adaptor sequence and noise. Forward and reverse reads were then paired, requiring a minimum overlap of 80 base pairs and a maximum of 10% difference across the overlap region. Reads were assigned sample names based on the incorporated barcode sequences, reads present in the reverse compliment orientation were changed to the 5 0 -3 0 orientation, primer sequences were removed, and reads from both plates were combined for all further analyses. The above steps of data processing were conducted in Qiime v. 1.9, with parameters as default unless specified otherwise (Caporaso et al., 2010) . Sequences were clustered into operational taxonomic units (OTUs) using minimum entropy decomposition (MED) (Eren et al., 2015) . MED divides the pool of sequences into OTUs based only on the base pair positions with the highest information content, as determined by Shannon entropy, to allow greater resolution and more biologically relevant OTUs. MED was run with a minimum read abundance of 5 for an OTU to be retained. Chimeric sequences were detected using the blast fragments approach with a 2 fragment parameter in Qiime (Altschul et al., 1990) . Representative sequences for each OTU were identified taxonomically by automated comparison with SILVA database v. 111 using the Qiime implementation of uclust (Wang et al., 2007; Edgar, 2010; Quast et al., 2013) . Abundant OTUs with ambiguous classifications under automated taxonomic assignment were manually blast searched against the full NCBI database and taxonomy was refined when multiple sequences within 97% similarity to the query and with consistent taxonomy were found (Morgulis et al., 2008) .
OTUs which we could not rule out being derived from the abundance of DNA from C. glacialis itself, as opposed to being derived from the gut contents, were excluded from the analysis. These excluded sequences were both sequences which were clearly C. glacialis, as well as poor quality or truncated sequences which could only be classified to a higher taxonomy level which includes Calanus, such as Crustacea or Arthropoda. A handful of OTUs which potentially represent contaminants including mammal, Feeding by C. glacialis in a high arctic fjord land plants, and insects were also removed from the analyses. OTUs which were taxonomically allied with known parasites of crustaceans (specific ciliate groups, apicomplexans, ellobiospids, and syndinians) were also removed from the analyses and will be reported elsewhere. The remaining sequences are considered to be representative of the prey within the gut contents of the analyzed individuals, even though they were derived from whole individuals, and are referred to as prey sequences from C. glacialis in the remainder of the manuscript. For multivariate analyses, a rarefied OTU table was made with only 500 reads per sample, excluding the samples with total prey sequence reads below this cut-off. This rarefied OTU table was fourth root transformed, to reduce overweighting of abundant prey OTUs, and used to calculate Bray-Curtis distances between each sample (Bray and Curtis, 1957) . Alternative choices for data rarefaction and transformation were considered but resulted in similar overall sample-clustering within MDS plots and are therefore not shown. Classical multidimensional scaling (MDS) was calculated based on these distances in MatLab. Statistical differences between months were analyzed with permanova on these rarefied and transformed OTU abundances with 100 permutations as implemented in the Fathom toolbox for MatLab (Jones, 2014) .
Results
A total of 11 266 639 sequence reads were recovered from 80 samples, of which 638 231 were classified as "prey". Prey reads per sample ranged from 31 reads in sample number 18 to 91 521 reads in sample number 79, with no obvious pattern. Variations in the number of prey sequence reads recovered from each sample may reflect differences in feeding rate or parasite load, or may simply be the result of imperfect pooling of samples prior to sequencing. The mean was 7975 reads per sample, and the median was 3231 reads per sample. No prey reads were recovered from a PCR and sequencing no template control.
Prey sequences clustered into 1343 OTUs, representative sequences of each of which are available on GenBank (accession Nos. KX123708-KX125038). As is typically seen in next generation sequencing, a few OTUs contained most of the sequence reads, while many OTUs contained just a handful of reads. The nine most abundant OTUs contained 80% of the total reads, the next 30 OTUs contain an additional 10% of the reads. The least abundant 596 OTUs only contained a combined 1% of the total sequence reads.
The relative contribution of sequence reads from different taxonomic groups of prey varied between months. In October, ctenophore sequences made up the largest group of reads, with other reads mainly coming from dinoflagellates ( Figure 1 , Table  2 ). In January ctenophore sequence reads were also abundant, but three samples also contained large fractions of reads from copepods of the genus Metridia. In March, sequence reads were dominated by chaetognaths. In April, diatoms were a major component of the prey sequence assemblage, as were chytridiomycete fungi, and, in some samples, cercozoa. June prey sequence assemblages were again composed largely of ctenophores, although with a notable group of polychaete worm sequences. In July, prey sequences consisted mainly of ctenophores and chaetognaths. These different prey sequence assemblages were reflected in the grouping of samples by month in multidimensional space ( Figure  2 ). While samples grouped fairly closely by month, the overall annual trend was not reflected in multidimensional space, which is to say chronologically adjacent months, such as March and April (Figure 2) , were no closer to each other than chronologically more distant months, such as October and June (Figure 2 ), which were the two most closely clustered months. Differences in prey sequence assemblages were significant for month as a grouping factor (permanova p < 0.01). No clear differences were observed between samples collected at different depths, or between different life stages of individuals, although any such differences may have been obscured by the strong seasonal patterns.
Within the diatom sequences recovered from prey sequences from C. glacialis, seasonal patterns were also observed (Figure 3) . Navicula spp. sequence reads were present in October, April, and May. Fragilariales spp. sequences were observed mainly in January. Thalassiosira spp. and Nitzschia spp. were present mainly in April. Skeletonema spp. and Minutocellus spp. were observed mainly in July. Due to the relatively conserved nature of the 18S sequence amongst diatoms, genus is the lowest level to which diatom sequences can be confidently identified from this data.
High individual variability was also observed within months. For example, in April, when diatoms were important prey, the contribution of diatoms to the prey sequence assemblage ranged from 0 to 81% (mean 25%, median 18%) between samples (Figure 1 ).
Discussion
The results of this study both confirm previous findings of the importance of diatoms as prey, particularly in spring, and also suggest the potential importance of other prey items in C. glacialis diets. The DNA sequencing approach employed here has the advantage of identifying all prey types, with the only exceptions being cannibalism and feeding on bacterial aggregates, and providing high, often species-level, prey resolution. However, the limitations of this approach are its semi-quantitative nature, possible taxon-skew in PCR amplification, and the potential for contamination. Thus information derived from DNA sequencing is most valuable when combined with existing understanding of C. glacialis ecology.
Potential sources of contamination include internal parasites, and environmental DNA adhered to the copepod's exterior. Sequences from potential internal parasites were removed based on literature. This approach may under-estimate true consumption of organisms which are parasitic or closely related to known parasites. Many ciliate groups contain species which are parasitic on zooplankton, such as from the genera Collinia, Pseudocolonia, Uronema, Metaphya, Trichodina. (Skovgaard, 2014) . The molecular phylogeny and reference databases for ciliates are improving, but currently still categorize many of the observed sequences only to higher taxonomic levels. Microzooplankton, including ciliates, have been observed to be preferred prey for C. glacialis (Campbell et al., 2009 (Campbell et al., , 2016 . The low frequency and sequence read abundance of ciliates we observed in prey sequences from C. glacialis should therefore be taken as a minimum, and is not necessarily indicative that ciliates were rarely consumed as prey.
External DNA adhered to the outside of C. glacialis is the most likely explanation for the high observed abundances of sequence reads from Ctenophores. Ctenophore sequences were abundant in samples collected from all but the spring (March and April), as observed in previous studies on Calanus and Pseudocalanus spp. copepods in various areas of the Arctic (Durbin and Casas, 2014; Cleary, et al., 2015) . It is possible that C. glacialis consumed ctenophores, as such feeding would be completely undetectable with traditional techniques for measuring feeding by zooplankton, such as gut contents microscopy and gut pigments. However, because these ctenophores were present mainly at times of year when previous work has suggested C. glacialis are diapausing, and largely not feeding, it appears the most parsimonious explanation for these ctenophore sequences is that they represent trace contaminants which appear in the data in the absence of true gut contents DNA. Ctenophores and C. glacialis are often found in the same deep water layers in winter due to similar seasonal migration patterns (Bandara et al., 2016) . The gelatinous, fragile, and sticky nature of ctenophores makes them particularly likely to disintegrate in nets and adhere to copepods. Nonetheless, C. glacialis feeding on large gelatinous organisms remains a possibility. Ctenophore early life stages are small, and are most abundant in winter, with estimates from the Baltic sea of 30% of the ctenophore population <0.3 mm in length, and thus of a plausible size for consumption by C. glacialis (Jaspers et al., 2012) . Future controlled experimental work is needed to clarify the trophic relationships between ctenophores and copepods.
The remaining sequences are most likely representative of true prey. Previous work has shown good correlations between phytoplankton DNA in gut contents, as inferred from whole copepods, and gut pigments (Durbin et al., 2012) , suggesting that, even at high phytoplankton concentrations, DNA from phytoplankton adhering to copepods is not a significant issue. Some phytoplankton species observed microscopically to be abundant in the water column at the time C. glacialis were collected were not observed in the C. glacialis derived sequences, confirming that external contamination is not a problem for most prey items. Unlike the fragile, gelatinous ctenophores, the presumed prey items are more structurally sound, and thus much less likely to disintegrate in nets and adhere to copepods. Copepod individuals were thoroughly rinsed, and thus only particularly well-adhered external DNA is likely to have carried over into the extraction as contamination.
C. glacialis has been considered to feed mainly by grazing on diatoms (Bradstreet and Cross, 1982; Søreide et al., 2008) . The DNA-sequencing results also indicate the importance of diatoms, particularly during the spring with average abundances of 25% of prey sequence reads per sample in April. This percentage is lower than estimates from other methods (Søreide et al., 2008; Campbell et al., 2009) , suggesting diatoms may be underrepresented in the DNA sequencing, potentially due to lower 18S copy numbers per cell or per unit carbon as compared to other Feeding by C. glacialis in a high arctic fjord prey items, to poor DNA extraction yield or PCR efficiency for diatoms, or due to more rapid digestion. During the spring bloom in April, C. glacialis consumed mainly Thalassiosira spp. At this time, Thalassiosira spp. were most abundant in the water column at depths of 15-35 m, and were absent from the upper 5 m, despite these surface most layers having the highest total diatom abundances (pers comm. J ozef Wiktor, Institute of Oceanology, Polish Academy of Sciences). This suggests that C. glacialis, collected from the upper 20 m of the water column, were grazing at least partly in the lower part of this depth window, rather than exclusively in the surface most layers, despite the presence of high abundances of diatoms in these surface layers. Diatoms were also found in prey sequences from C. glacialis in October, January, May, and July. Previous work has suggested that diatoms are preferred over other types of phytoplankton (Søreide et al., 2008) , and our results are largely consistent with this preference. Microscopy indicated that Phaeocystis pouchetti was abundant through much of the water column in June (pers. comm. J ozef Wiktor,). However, no sequences of Phaeocystis spp. were recovered from the C. glacialis, suggesting this was not an important food item, despite its availability in the environment. Dinoflagellates occurred as prey in prey sequences from C. glacialis mainly later in the summer and fall, when diatoms are typically not abundant (Figure 1 ) (Keck et al., 1999) . Amongst the diatoms, C. glacialis have been suggested to feed on both ice algae and pelagic phytoplankton (Runge and Ingram 1988; Niehoff et al., 2003; Søreide et al., 2008; Wold et al., 2011) . The copepods have even been observed to be coming "right to the under-ice surface to feed" in some instances (Conover and Huntley, 1991) , although in other cases C. glacialis appears to have preferred pelagic phytoplankton over ice algae (Campbell et al., 2009) .
Diatom groups observed in prey sequences from C. glacialis in our study included both typically sympagic groups and more typically planktonic genera (Figure 3) . In January, when sea ice was first forming, the only diatoms found in the C. glacialis guts were of the Fragilarialis spp. group. These diatoms are typically ice-associated pennates, common in Arctic sea ice (Thomas and Dieckmann, 2010) . During the spring bloom, additional iceassociated diatoms, Nitzschia and Navicula (Bradstreet and Cross, 1982) , were found in prey sequences from C. glacialis Nitzschia spp. have previously been observed to be the largest component of C. glacialis diet in the Canadian Arctic, and were suggested to indicate feeding on ice-algae sloughed-off into the water column (Bradstreet and Cross, 1982) . However, these classically iceassociated diatom groups did not account for the majority of the diatom sequences observed in prey sequences from C. glacialis in spring. Rather, it was more typically open water Thalassiosira spp. which were most abundant, despite the continued presence of sea ice at this time (Table 1) . Although Thalassiosira spp. have previously been observed as members of the ice algal community, (Runge and Ingram, 1988) , Thalasssiosira spp. were not observed in sea ice samples collected two weeks prior to the copepod sampling at the same location (pers. comm. J ozef Wiktor). It is possible that we did not efficiently capture those individuals of C. glacialis which were feeding in strongest association with the sea ice our vertical sampling of the water column. In summer with the ice gone for the season, the most abundant diatom sequence in prey sequences from C. glacialis in summer was the typically pelagic Skeletonema spp. However, prey sequences from C. glacialis again included Navicula, potentially suggesting ongoing presence of sinking aggregates from the sea ice, or pelagic populations of this diatom.
In addition to diatoms, during the spring bloom chytridiomycete sequences were common in prey sequences from C. glacialis, being found in 7 of the 15 copepod pairs analyzed in April (Figure 1) . Chytridiomycetes (chytrids) are fungal parasites of diatoms, and are particularly abundant and diverse in polar ecosystems (Kagami et al., 2007; Stoeck et al., 2007; Hassett and Gradinger, 2016) . Although 18S is not the optimal gene marker for fungi, all taxonomically identified sequences in GenBank with 95% or greater similarity to the chytrid sequences observed here were classified as chytrids, providing confidence these sequences from C. glacialis are correctly identified as chytrids. Copepods may have inadvertently consumed these chytrids while grazing on diatoms which were infected with chytrids. However, in two copepod samples, chytrid sequences were abundant in the absence of diatoms. This suggests that at least some of the chytrid sequences observed derived from feeding directly on chytrids in Figure 3 . Distribution of diatom reads in prey sequences from C. glacialis across sampling months. No diatom sequences were recovered from C. glacialis sampled in March.
their free swimming zoospore form. It has been previously suggested in freshwater ecosystems that the fungal zoospores, the free-swimming infective stage of chytrids found outside of any host, may themselves serve as important prey for copepods and other zooplankton (Kagami et al., 2007) . Chytrid zoospores contain an oil droplet rich in poly-unsaturated-fatty-acids (Kagami et al., 2007) , potentially making them a nutritionally rich food source for C. glacialis which rely on this type of lipids to fuel growth and reproduction in this spring period (Søreide et al., 2010) . Chytrid zoospores are small flagellated cells; if these cells were included in visual counts of microzooplankton, this would make our results consistent with results from bottle incubations indicating a preference of C. glacialis for microzooplankton (Campbell et al., 2009 (Campbell et al., , 2016 . Chytrids may also provide an indirect pathway for C. glacialis to derive nutrition from very large diatoms, which may be too large to be effectively consumed by C. glacialis, but are amongst the preferred hosts of chytrids (Kagami et al., 2007) . This trophic pathway, transferring organic matter from large diatoms to zooplankton through chytrid zoospores, has been termed the mycoloop (Kagami et al., 2014) . The mycoloop has been observed in freshwater ecosystems, but this pathway has not generally been considered in marine ecosystems (Kagami et al., 2014; Hassett and Gradinger, 2016) . Chytrids are abundant in arctic sea-ice communities, particularly during the spring bloom period, and are hypothesized to increase under continued arctic climate warming (Hassett and Gradinger, 2016) . Chytrid sequences have been observed in prey sequences from Pseudocalanus spp. in the western Arctic using similar techniques to those applied here, though at much lower abundances (0.15% of prey sequences, as compared to >62% of prey sequences in April observed here) (Cleary et al., 2015) . The high seasonal abundance of these chytrid sequences in prey sequences from C. glacialis and the frequency of occurrence across samples suggest the mycoloop may potentially play an important role in high arctic marine ecosystems, particularly during the spring bloom. Cercozoa were another prey group observed in spring and indicative of copepod feeding on elements of the microbial loop. C. glacialis feeding on cercozoa is consistent with other findings of C. glacialis grazing on microzooplankton (Campbell et al., 2009) . The Cercozoa OTU observed most frequently among spring samples is taxonomically affiliated with Ebria spp., and is identical in sequence to Ebria spp. recovered from Greenland (Stoeck et al., 2007) , and 99% similar to reference sequences for the one described species of Ebria, E. tripartita (Hoppenrath and Leander, 2006) . Ebria are heterotrophic protists, which feed mainly on diatoms, including Thalassiosira spp., (Hargraves, 2002) , which was the most abundant diatom type observed in the prey sequences from C. glacialis in spring. Many cercozoa are associated with sea ice, including groups observed here outside of the spring bloom period, such as Cryothecomonas and silicofilosea (Thaler and Lovejoy, 2012) . In contrast, E. tripartita is broadly distributed in coastal ecosystems worldwide, and is thought to be more important in temperate and warmer waters (Hargraves, 2002) .
Outside of the spring bloom, prey sequences from C. glacialis suggest continued use of protistan prey, but also the potential use of metazoan food resources. A few groups of potential alternative prey sequences were particularly striking in our results, specifically chaetognaths, Metridia sp. copepods, and polychaetes. Although copepods feeding on chaetognaths have previously been observed (Davis, 1977; Ohtsuka and Onbé, 1989; Go et al., 1998) , chaetognaths are typically considered as predators, rather than prey, of copepods (Grigor et al., 2015) . Chaetognath sequences were found in prey sequences from C. glacialis mainly in samples from March (Figure 1) , and the timing suggests that C. glacialis may feed on the early life stages, possibly the eggs, of these predatory zooplankters. Chaetognaths have a multi-year lifecycle and are present throughout the year in the Svalbard region (Grigor et al., 2015) . They reproduce slightly before the spring bloom, timing their reproduction to optimally situate their larvae for preying on copepod nauplii (Hirche and Kosobokova, 2011) . Chaetognath eggs have been observed to be highly abundant in March, with four times more eggs than adults at this time of year (Hirche and Kosobokova, 2011) . Chaetognath eggs have also been observed within Arctic sea ice (Marquardt et al., 2011) . These nutrient rich eggs are 0.2 mm in diameter (Reeve and Lester, 1974) , making them a large, but plausible, prey item for C. glacialis. The timing of chaetognath reproduction may, thus, place nutrient rich eggs or very early larvae of chaetognaths in the water column in the critical time when C. glacialis have ascended into surface waters in anticipation of reproduction, but the main spring bloom has not yet commenced.
Annelid sequences, mainly derived from polycheate worms, also showed a strongly seasonal cycle in prey sequences from C. glacialis, and were only present in samples from June ( Figure  1) . Correspondingly, polychaete larvae abundances peak in the summer months in the Svalbard area, with highest abundances in Isfjorden observed in June (Walkusz et al., 2009; Kiklinski et al., 2013; Stübner et al., 2016) . During this brief seasonal peak, polychaete larvae can reach high densities of over 1500 larvae m À3 (Stübner et al., 2016) . Similar to the observations of chaetognath sequences, the temporal match between the seasonal occurrence of annelid sequences in prey sequences from C. glacialis and of polychaete larvae in the water column suggests that C. glacialis may feed on eggs or early life stages of these worms. We cannot, of course, completely rule out that these sequences may have derived from mucus produced by polychaete larvae, and again more controlled experiments will be needed to clarify this relationship. Although chaetognath eggs appear to have been consumed prior to the main spring phytoplankton bloom, polychaete larvae appear to have been consumed after the bloom had declined. Feeding on early life stages of both of these predatory groups may thus help to extend the feeding season for C. glacialis in this region.
Simultaneous to the collection of C. glacialis analysed here for prey DNA, copepods were also collected for analyses of digestive enzymes to infer feeding activity (Freese et al., 2016) . Protinase activity was low in fall and early winter, increased from February through the spring, reaching a peak in activity per individual in June, and then declined again as summer waned (Freese et al., 2016) . At a broad level this seems to correlate with the presence of plausible prey sequences in C. glacialis gut contents, with spring being the period with the most diatoms, and winter having the most ctenophores and unidentifiable sequence reads (Figure 2) .
At shorter temporal scales these two measures, enzyme activity and gut contents DNA, are less in agreement. Proteinase activity was higher in June than in April, whereas gut contents sequencing shows strong grazing on diatoms in April, and little plausible prey in June. Gut contents DNA and digestive enzymes are two very different measures, and respond differently to environmental changes. Enzyme activities do not always respond linearly to food Feeding by C. glacialis in a high arctic fjord supply but may be influenced by other factors, such as metabolic requirements and feeding history (Hasset and Landry, 1983; Roche-Mayzaud et al., 1991) . Moreover, there may be a lag between maximum feeding activity, and the seasonal development in enzyme activity (Head and Harris, 1985; Freese et al., 2016) . It is possible that food resources are particularly patchy in the summer season, as might be the case with thin layers of dinoflagellates or carnivorous feeding. Such highly patchy prey would easily be missed in DNA analyses of gut contents which only capture a period of minutes to hours of prior feeding. It has been suggested that under conditions with limited and spatially or temporally patchy prey, copepods may exhibit higher levels of digestive enzymes than under continuous high abundances of prey, in order to be able to maximize assimilation of such prey as are encountered (Hassett and Landry, 1983) , and this is another possibility to explain the high enzymes but few plausible prey sequences observed in June. Lastly, it is possible C. glacialis in June are feeding cannibalistically. At this time of year early life stages of C. glacialis were abundant in the water column; spawning occurs mainly in April and May, and many nauplii were still present during the June sampling in Billefjorden (Søreide et al., 2008) . Calanus spp. have been observed to feed on nauplii, and this feeding can be large in magnitude, with implications for population dynamics (Ohman and Hirche 2001 (Bonnet et al., 2004) . Early life stage cannibalism might provide useful nutrition, boosting the adult's reserves before they descend for the winter diapause. Such cannibalistic feeding would not be detected by our analysis, which blocks and excludes all Calanus spp. DNA, but could be a reason for the high digestive enzyme concentrations. These results highlight the potential complementarity of gut contents DNA and digestive enzyme measurements in considering feeding over seasonal time scales. Overall the prey sequences from C. glacialis observed here strongly support the idea of C. glacialis as a herbivorous diatom grazer during the spring bloom period, while also indicating the potential importance of other prey items (Figure 4) . During the spring bloom, sequences from chytrid fungi, previously considered as prey items only in freshwater systems, were abundant in prey sequences from C. glacialis. This is amongst the first evidence for a marine mycoloop, potentially providing an indirect pathway for C. glacialis to obtain nutrients from very large diatoms and serving as a source of fatty acids. Outside of the spring bloom, carnivory on metazoan prey appears to be more important than previously considered, with other copepods taken as prey in winter, and indications of feeding on eggs or early life stages of chaetognaths and polychaetes just before and after, respectively, the main phytoplankton bloom period. Chytrids and chaetognaths are both prey items which may not have been detected with traditional approaches to analyzing copepod feeding as they would be excluded from or invisible to bottle incubations, gut pigments, and gut contents microscopy. The frequency and relative abundance of sequences from these unexpected prey items highlight the utility of DNA tools in zooplankton dietary analyses. The flexible, omnivorous feeding behaviour of C. glacialis has been suggested to be one of the reasons this species has been so successful in the harsh and unpredictable environment of arctic shelf waters (Søreide et al., 2008) . Incorporating these nondiatom food sources into our understanding and modeling of C. glacialis may help us to better understand the role of these important zooplankters in the Arctic. Such an improved understanding of the current trophic roles of C. glacialis may also inform understanding and modelling of their potential future trophic roles under changing environmental conditions; an understanding which is critical to predictions about the future success not only of C. glacialis itself, but also of the many species of charismatic megafauna which rely on C. glacialis as prey. 
